Forelimb posture has been a controversial aspect of reconstructing locomotor behaviour in extinct quadrupedal tetrapods. This is partly owing to the qualitative and subjective nature of typical methods, which focus on bony articulations that are often ambiguous and unvalidated postural indicators. Here we outline a new, quantitatively based forelimb posture index that is applicable to a majority of extant tetrapods. By determining the degree of elbow joint adduction/abduction mobility in several tetrapods, the carpal flexor muscles were determined to also play a role as elbow adductors. Such adduction may play a major role during the stance phase in sprawling postures. This role is different from those of upright/sagittal and sloth-like creeping postures, which, respectively, depend more on elbow extensors and flexors. Our measurements of elbow muscle moment arms in 318 extant tetrapod skeletons (Lissamphibia, Synapsida and Reptilia: 33 major clades and 263 genera) revealed that sprawling, sagittal and creeping tetrapods, respectively, emphasize elbow adductor, extensor and flexor muscles. Furthermore, scansorial and non-scansorial taxa, respectively, emphasize flexors and extensors. Thus, forelimb postures of extinct tetrapods can be qualitatively classified based on our quantitative index. Using this method, we find that Triceratops (Ceratopsidae), Anhanguera (Pterosauria) and desmostylian mammals are categorized as upright/sagittally locomoting taxa.
INTRODUCTION
Forelimb function has diversified dramatically within the clade Tetrapoda. Evolutionary shifts of forelimb posture are considered to be major events in many lineages (e.g. in basal mammals [1] [2] [3] , dinosaurs [4] , archosaurs [5] and crocodylomorphs [6] ). Reconstruction of limb orientation in any extinct taxon is important not only for reconstructing parameters relevant to their palaeoecology, such as locomotor behaviour, gait, and speed, (which might influence metabolic energy budgets and interactions with other individuals), but also for reliably estimating the timings of limb postural transitions in evolution. For example, reconstructing the forelimb posture of ceratopsian dinosaurs such as the early, smaller form Protoceratops and the later, massive form Triceratops would help illuminate how these animals moved (slower or faster speeds, or the controversial usage of trotting/ galloping gaits [7, 8] ; and how locomotor mechanics and body size co-evolved within Ceratopsia. Such evidence would also be an important independent test of inferences drawn from fossil footprints and trackways [9] . More broadly, reconstructing limb poses brings such animals more dynamically to life and helps further public understandings of engagement with palaeontology, including an explanation of how (or which) such reconstructions are even scientifically achievable.
Previous studies generally have reconstructed the forelimb poses of extinct tetrapods by qualitatively dichotomizing them into upright/sagittal or sprawling categories. Yet as noted above, a consensus on forelimb posture has yet to be achieved in many cases: e.g. early mammals [3, 10] , ceratopsid dinosaurs [11] [12] [13] [14] [15] [16] [17] [18] and desmostylian mammals [19] [20] [21] [22] . The popular approach for reconstructing forelimb postures has been to estimate suitable articular relationships between the two components of the glenohumeral (shoulder) joint [3, 12, 15, 20, 21, 23] . However, this joint tends to have a wide range (or wide interpretations of range) of three-dimensional motion in most taxa, and bony articulations alone may be unreliable indicators of limb orientation and motion [24] . Furthermore, determination of the typical scapular position and orientation on the ribcage still remains problematic or even overlooked [25] . Differences in the shapes of articular cartilage caps and calcified epiphyses can also be a problem, especially in fossil archosaurs whose cartilages are often expected to be thick [26] [27] [28] [29] [30] .
Another, less commonly used approach favours quantitative parameters for estimating the most mechanically effective postures (angles of abduction/adduction or extension/flexion) of extinct taxa. This includes approaches that focus on bone bending loads [1, 5] ; or magnitudes of moment arms [22, 31, 32] . While no approaches are expected to have high precision, these quantitative approaches are at least more explicit and specific, and more closely linked to the fundamental principles governing terrestrial support and movement. However, to date there are few such mechanical approaches for indicating the difference between sprawling and upright/sagittal forelimb postures.
Here, we develop a new method for indicating typical forelimb postures in terrestrial tetrapods. A reliable method of reconstruction should be consistent with biomechanical principles and anatomy. Its validity should also be tested by applying it to a broad sample of extant taxa before applying it to extinct taxa, so that its reliability can be determined [33] -are any taxa of known posture falsely classified? We focused on the mechanics of the elbow joint, using the quantitative shape of bones and biomechanical parameters (moment arms) to determine differences in forelimb posture for the first time. This approach has the merit that shoulder joint position/ orientation does not need to be inferred (see details later). According to simple mechanical models of forelimb postural relationships with muscle function (see §2), we formulated two main hypotheses: (i) upright/ sagittal, sprawling and creeping tetrapods, respectively, emphasize elbow extensor, adductor and flexor muscles and (ii) scansorial and non-scansorial tetrapods, respectively, emphasize flexor and extensors. We tested these hypotheses with our new forelimb postural indicator method, in order to assess how well it would apply to estimating postures for the extinct taxa we investigated. We then applied our method to six extinct tetrapod genera (Triceratops and Protoceratops (Ceratopsia), Anhanguera (Pterosauria), Thylacinus (Marsupialia), and Paleoparadoxia and Desmostylus (Desmostylia)), a consensus on the forelimb posture of which has yet to be achieved, to infer likely forelimb postures, which we compare with previous studies in §4.
MATERIAL AND METHODS

(a) Specimens
The maximum possible moment arms of elbow joint extensor, flexor and adductor muscles were measured in dried skeletons and carcasses of 318 extant tetrapod specimens, including 22 lissamphibians (12 genera), five testudines, 44 lepidosauromorphs (25 genera), six crocodiles (four genera), four birds (two genera representing flying and flightless taxa), four monotremes (three genera), 25 marsupials (22 genera), 16 afrotherians, 12 xenarthrans (nine genera), 28 euarchonts (24 genera), 38 glires, six basal eurasiatherians, 36 cetartiodactyls (34 genera) and 72 pegasofere (62 genera) (electronic supplementary material, S1). We also measured elbow muscle moment arms in some fossil specimens, including two ceratopsian dinosaurs (Protoceratops (Protoceratopsidae) and Triceratops (Ceratopsidae)), one pterosaur (Anhanguera (Anhangueridae)), three desmostylian mammals (Paleoparadoxia (two specimens; Paleoparadoxiidae) and Desmostylus (Desmostylidae)), and one marsupial (Thylacinus (Thylacinidae); electronic supplementary material, S1). The locomotor category of Thylacinus is known as non-scansorial upright/ sagittal based on records before its extinction [34] [35] [36] , so we can use this taxon (much like extant taxa) to test the validity of our method.
(b) Mechanical models and measurements Extension/flexion movements of elbow joint are widely studied in tetrapods. However, here we also examined elbow abduction/adduction mobility in Caudata, Lepidosarupmorpha and Monotremata (electronic supplementary material, S2).
We found that in elbow abduction/adduction, the antebrachium rotates laterally/medially about the humerus, following the radial condyle (see also Landsmeer [37] ). Hence, we consider the elbow joint of tetrapods as a multiaxial joint, and identify the carpal flexor muscles as typically having additional roles as elbow adductors (electronic supplementary material, S2). Long-axis rotatory (i.e. pronation/ supination) motion is also an important factor in the forelimbs of some taxa [38] but is not considered here, particularly because it is difficult to quantify in many taxa.
We categorized forelimb-based horizontal locomotion on the ground according to basic kinematics of motion. The categories were upright/sagittal (U), sprawling (S) and creeping (C) motions. Uncategorizable, unknown or non-forelimb users were defined as 'X' (electronic supplementary material, table S1). These groups were subdivided into subcategories based on the absence (A), presence (P) or obscurity (X) of scansorial (climbing-related) abilities (e.g. group 'UA' indicates upright/sagittal with no scansorial ability). Animals were categorized as subtype P if scansorial behaviour was reported in the literature, but the levels of those abilities were not taken into account because such fine categorization was deemed too arbitrary. The number of locomotor categorical groups was three (U, S and C) in the main category and five (UA, UP, SA, SP and CP) in subcategories; there are no non-scansorial creeping taxa (CA). Next, we considered differences in the groups of muscles (or any tensile forces) that are expected to act at the elbow joint to resist the ground reaction force (GRF) during the stance phase in each category.
In upright/sagittal postures, the GRF mainly flexes the elbow during the stance phase whether the joint angle is small or large (less than 1808), and the extensor muscles (electronic supplementary material, S3 and table S3) resist this with an extensor moment [39] [40] [41] [42] [43] . The extensor muscles mainly insert onto the olecranon process, which functions as a lever. The roles of the abductor/adductors are expected to be minimal, because the limb is moving mostly in a sagittal plane (figure 1a). However, we admit that more three-dimensional studies of forelimb dynamics in such 'sagittal' taxa are needed to accurately determine the motions and mechanical roles of muscles. Furthermore, one must be wary of interpreting our qualitative categories too literally as having starkly clear boundaries, because postures may vary widely in extant taxa so categories may be misleading [44] -a point we return to in §4.
During the stance phase in sprawling postures, the GRF is expected to abduct the antebrachium against the humerus around the elbow, so muscles must mainly incur an adduction moment about the elbow joint (figure 1b). Therefore, more sprawling animals are expected to rely more on elbow adductors (electronic supplementary material, table S3).
In addition to upright/sagittal and sprawling postures, we considered a locomotor mode that relies on elbow flexors (electronic supplementary material, table S3). An animal is expected to use elbow flexors when they drag their body forward against friction with the ground (figure 1c). We defined this motion as creeping motion, which is typified by sloths [45, 46] . Elbow adductors are expected to play little role during this creeping motion, unless the humerus is strongly rotated medially (internally). We also considered vertical locomotion, as opposed to horizontal locomotion in the other postures, to fit into this category; especially for highly scansorial taxa. The elbow flexor muscles (electronic supplementary material, table S3) are expected to contract when an animal pulls its body upward (figure 1d). The contraction of such muscle is indicated by electromyography [47] . Less scansorial taxa would tend to favour extensor muscle activity about their elbow joints.
Figure 1e-g illustrates how we calculated muscle moment arms from bone morphology. The distance from the estimated rotational axis of elbow extension/flexion (O Ex/Fl ) to the most distant point on the olecranon (ol) and to the most distant points of lateral supracondylar crest (lsc) and radial tuberosity (rt) (whichever is larger), were, respectively, defined as the maximum possible moment arms of the extensor and flexor muscle groups (electronic supplementary material, S3 and table S3; see also Fujiwara et al. [32] ). The distance from the rotational axis of elbow abduction/ adduction (O Ab/Ad ) to the most distant point on the medial epicondyle was defined as the maximum possible moment arm of the elbow adductors (i.e. carpal flexors; figure 1f and electronic supplementary material, table S3). The distance from the rotational axis of elbow extension/flexion to the distal end of the radius defined the length of the antebrachium (figure 1g). Maximum possible moment arms of the elbow extensor (Ex), flexor (Fl) and adductor (Ad) muscles and antebrachial lengths (A), were measured on the 318 extant and seven fossil specimens (electronic supplementary material, S1). See electronic supplementary material, S3 for details on the measurements and specimens.
(c) Analysis of elbow moment arms in each locomotor category To test our hypotheses, we examined inter-categorial differences of extensor, flexor and adductor moment arm indices for the main and sub-locomotor categories. Extensor (Ex), flexor (Fl) and adductor (Ad) moment arms were, respectively, divided by the geometric mean (GM) of the three
. This removed some of the influence of body size on these indices. Each moment arm's length divided by the GM was, respectively, defined as the extensor (Ex/GM), flexor (Fl/GM) and adductor (Ad/GM) indices.
First, we tested if there is a correlation between body size and our locomotor indices. The length of the antebrachium (A) was used as an indicator of body size. We conducted a Spearman's test between log A and each moment arm index (log (Ex/GM), log (Fl/GM) and log (Ad/GM)) using R v. 2.12.2 (The R Foundation for Statistical Computing: http://CRAN.R-project.org/). The null hypothesis that there is no correlation between the values was rejected if p , 0.05. Next, differences in the moment arm index distributions (log (Ex/GM), log (Fl/GM) and log (Ad/GM)) among . ab, Antebrachium; E, elbow joint; F, friction; GRF, ground reaction force; h, humerus; lsc, lateral supracondylar crest; m, manus; me, medial epicondyle; ol, olecranon; r, radius; rc, radial condyle; rt, radial tuberosity; S, shoulder joint, uc, ulnar condyle; ul, ulna.
Forelimb posture indicator in quadrupeds S.-i. Fujiwara and J. R. Hutchinson 2563 locomotor categories were tested by a Steel -Dwass test in R software. The test is a pair-wise comparison of onedimensional distributions between all the pairs of locomotor categories. Significant inter-categorical differences of the distribution were rejected if p . 0.05. Finally, the relative values of moment arm indices were compared among locomotor categories by comparing their median values.
(d) Discriminant analysis
In the next step, we estimated the locomotor category for each extinct taxon (electronic supplementary material, S1) based on the distributions of variables from the measurement data for extant taxa. We selected size-dependent and independent variables for the moment arm indices. The size-dependent variables were the log-transformed values of elbow muscle moment arms ((log Ex), (log Fl) and (log Ad)). The size-independent variables were dimensionless values calculated by each elbow moment arm divided by the antebrachial length (A) ((log Ex/A), (log Fl/A) and (log Ad/A)). For both the size-dependent and independent variables, the points of multiple locomotor categories did not distribute normally in a trivariate coordinate space (electronic supplementary material, S4; [48] ). Therefore, non-parametric analyses were conducted. We conducted a non-parametric kernel discriminant analysis for the moment arm indices by using packages 'ks' [49] and 'rgl' [50] in R software. Discriminant analysis allocates the point to one of the locomotor categories, which maximizes the posterior probability (Bayes' discriminant rule). The posterior probability of a point x being in group i (i ¼ C, S, U or CP, SA, SP, UA, UP) is proportional to a discriminant score for group i (D i ), which can be calculated as a product of the prior probability of the group i (p i ) and kernel density to the group i estimated at the point [49] . The larger D i1 of a point is in relation with D i2 , the more the point is located in the densest region of group i1, but at the sparsest region of group i2, and the more likely the point is categorized to group i1 than to i2. In the first step, the kernel density distributions based on the points for extant taxa were created in trivariate space for both the main (C, S and U) and sub-(CP, SA, SP, UA and UP) categories. An unconstrained smoothed cross validation bandwidth selector was used for the kernel density estimation [49] .
The locomotor categories of all the study taxa (both extant and extinct) were estimated based on both size-dependent and independent variables. Each point was categorized to main (C, S and U) and sub-(CP, SA, SP, UA and UP) categories for each variable. All the points were coercively categorized to a certain locomotor ability, even if its discriminant score was significantly lower than the others. Therefore, outliers of the scores (less than 5%) were calculated for each locomotor category, and the outlier points of the estimation were derived (electronic supplementary material, S1).
We checked the accuracy of our discriminant analysis by estimating the locomotor categories of the extant taxa and comparing these estimates against the known categories for each (see electronic supplementary material, S5). The reliability of the discriminant analysis was also tested by a Steel-Dwass test for different distributions of discriminant scores among locomotor categories (see electronic supplementary material, S5). In theory, the size-independent method is applicable to reconstructions of extinct taxa with extreme body sizes. However, we needed to validate the result of each discrimination regardless of the body size in extant taxa. To test this, we conducted a Steel -Dwass test between the results of discriminant scores of normal and extreme body sizes (log A) (see details in electronic supplementary material, S6).
Moreover, an error of the discrimination for a point was expected when there was no remarkable difference between the highest and the lower discriminant scores. We defined the ratio between the highest (D 1st ) and the second highest (D 2nd ) discriminant scores as a likelihood ratio (log (D 1st /  D 2nd ) ). This factor was compared between successfully and unsuccessfully discriminated taxa in order to find the minimum-likelihood ratio that made a successful discrimination (electronic supplementary material, S7). We also tested whether the different epiphyseal morphologies known among tetrapod taxa [26] would affect the accuracy of the analysis (electronic supplementary material, S7).
RESULTS
and each moment arm index (log (Ex/GM), log (Fl/GM) and log (Ad/GM)), a significant correlation was found for one main (U) and one sub-(UA) category of extensor index, in one main (S) and one sub-(UP) category of flexor index, and in two main (S and U) and one sub-(UA) category of adductor index (table 1). The coefficients of determination (r 2 ) were weak (r 2 , 0.30) in these six out of 24 locomotor categories, so the implications were inconclusive.
We then compared the distributions and median values of the moment arm indices among the locomotor categories (table 2 and figure 2) . The extensor index of category U was significantly larger than those of categories C and S. The flexor index of category C was significantly larger than those of the other main categories S and U. The adductor index of category S was significantly larger than those of the other main categories C and U. For the five subcategories, the extensor indices of categories UA and SA were significantly larger than those of categories UP and SP, respectively. The flexor index of UP was significantly larger than that of UA. The median value of the flexor index of SP was larger than that of SA, but a significant difference of the distributions was not supported (table 2 and figure 2).
(b) Discriminant analyses Discriminant scores for each locomotor category of our study taxa are listed in electronic supplementary material, table S1-2. According to our Steel-Dwass test between discriminant scores of taxa with normal and extreme body sizes, a significant difference was rejected for the size-independent method (electronic supplementary material, S6). Therefore, the results of our discriminant analysis are not influenced by body size.
For both the size-dependent (log Ex, log Fl and log Ad) and independent (log (Ex/A), log (Fl/A) and log (Ad/A)) variables, significant differences of point distributions among the locomotor categories were revealed by our Steel -Dwass tests (see electronic supplementary materials, S1 and S5). The total error rate in discrimination was approximately 10 per cent for the three main categories and was approximately 20 per cent in discrimination for the five subcategories (electronic supplementary material, S5). Our discriminant analyses were also successful, albeit not perfectly, in distinguishing variations of locomotor abilities among closely related taxa of extant groups: e.g. scansorial (UP) and non-scansorial (UA) canids (Carnivora) and hystricomorphs (Rodentia); sprawling (S) and upright/sagittal (U) afrosoricidans (Afrotheria); and creeping (C), and scansorial (UP) and non-scansorial (UA) upright/sagittal xenarthrans (electronic supplementary materials, S1). Furthermore, Hylobates (Hylobatidae, Primates) were categorized as creepers (C) in some analyses. Hylobates (gibbons) do not employ terrestrial quadrupedal locomotion, but they have quadrupedal suspensory locomotor abilities as in other creeping taxa (bradipodids, megalonychids (Xenarthra), pteropodids (Chiroptera) and cynocephalids (Dermoptera); [32] ). Our assignment of specimens to three main categories was quite accurate when the log-likelihood ratio was, respectively, larger than 0.67 or 0.88 in our size-dependent or independent methods (electronic supplementary materials, S1 and S7). Our method also worked well for some animals that occasionally rely on their forelimbs for body support, such as macrpodids, Pan (Hominidae) and pedetids (electronic supplementary material, S1). However, the influence of the ratio of fore/ hindlimb loads distributions should be tested in future studies, once sufficient experimental data exist.
In sprawling animals, the ratio of discriminant scores for upright/sagittal and sprawling categories did not differ among the major sprawling taxa (electronic supplementary material, S7). Therefore, the influence of epiphyseal morphology on the results of our discriminant analyses is considered to be minimal. Among the sprawling taxa, our method did not work well in discrimination for anurans (frogs/toads), which were misidentified as upright/sagittal (U), although these animals are categorized as sprawlers (S) (electronic supplementary material, S1). The distribution of the anuran points did not differ significantly from those of other sprawling animals, however, the discriminant scores for group S were slightly lower than those for group U in anurans (electronic supplementary materials, S1 and S7). Thus, the results of anurans are ambiguous for these two major categories. Table 1 . Results of Spearman's and correlation tests between body size as represented by antebrachial length (log A) and each moment arm index (MAI: log (Ex/GM), log (Fl/GM) and log (Ad/GM)), where GM is the geometric mean of elbow extensor (Ex), flexor (Fl) A A A P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P PP P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P X A P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P A A A P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P X A P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P A A P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P P Figure 2 . Correlations between body size (represented by antebrachial length: log A) and locomotor indices (log (Ex/GM), log (Fl/GM) and log (Ad/GM)) in each locomotor category (a -c) and box plots of the indices for each category (d -f ). The regression line for each locomotor category is shown in a-c: both asterisks and dotted lines indicate that there is no significant correlation. Upright/sagittal, sprawling and creeping taxa are, respectively, indicated in green, blue and red colours. Scansorial abilities are indicated as A (absent), P (present) and X (obscurity). Fossil taxa are indicated in black: An, Anhanguera; Ds, Desmostylus; Pl, Paleoparadoxia; Pr, Protoceratops; Th, Thylacinus and Tr, Triceratops. Significant differences of distribution were rejected in pairs of SA -UP (subcategory) for the extensor index, S-U (main category), SA-SP, SA-UA (subcategory) for the flexor index, and C -U (main category), CP -SA, CP -UP and SA-SP (subcategory) for the adductor index.
Tr
According to the discriminant analyses, Thylacinus was categorized as U and UA by our size-dependent and independent indices (figure 3; electronic supplementary materials, S1 and S8). The animal is known as nonscansorial and upright/sagittal [34] [35] [36] , so the discriminant analysis worked for this extinct taxon.
Two desmostylians, Paleoparadoxia and Desmostylus, were both categorized as U/UA in the size-dependent analysis, but were, respectively, categorized as U/UA and U/UP in the size-independent analysis (figure 3; electronic supplementary materials, S1 and S8). The estimated posture varied between the two ceratopsians. Protoceratops and Triceratops were, respectively, categorized as C/UP and U/UA in size-dependent analyses ( figure 3 ; electronic supplementary materials, S1 and S8). Protoceratops and Triceratops were, respectively, categorized as S/SP and U/UA in our size-independent analyses (figure 3; electronic supplementary materials, S1 and S8). In the pterosaur Anhanguera, the estimated forelimb posture was U/UP using size-dependent variables. The antebrachial length was not available for Anhanguera, so the posture was not estimated based on size-independent variables (figure 3; electronic supplementary materials, S1 and S8). Among these, one Paleoparadoxia specimen (P. reppeningi) and Triceratops was plotted in the outlier area of the estimated locomotor category in the size-independent analysis (electronic supplementary material, S1). In all extinct taxa, except for the point of Protoceratops in the size-dependent method, the likelihood ratio of the discriminant score for three main categories was high and the errors of the results were not expected to be high (electronic supplementary material, S1 and S7).
DISCUSSION
Our results for extant taxa bolster our first hypothesis that upright/sagittal (U), sprawling (S) and creeping (C) terrestrial quadrupeds, respectively, emphasize elbow extensor, adductor and flexor moment arms. We also found support for our second hypothesis that there is a trade-off of flexor and extensor moment arms between scansorial (emphasize flexor over extensor: groups SP and UP) and non-scansorial groups (emphasize extensor over flexor: groups SA and UA). The latter result is consistent with other studies [32, 51] . We attempted to categorize locomotor abilities only by three parameters from elbow morphology, and our attempt was successful for the discrimination among upright/sagittal, sprawling and creeping postures regardless of the body size (antebrachial length), forelimb/hindlimb body support roles and epiphyseal structure (electronic supplementary material, S6 and S7). Our new indicator is also applicable for determining relationships between morphological variations and locomotor abilities among extant taxa (electronic supplementary material, S1). Estimation of forelimb postures in extinct taxa using on our discriminant analyses relies on an assumption that these animals employ quadrupedal postures on the ground. Regardless of whether the animals were nonforelimb users (e.g. controversial for Anhanguera and other pterosaurs; [52 -55] ), they will be placed in certain locomotor categories. Although the extinct taxa were categorized as having a certain locomotor ability, users of this method should keep in mind that hypotheses that these animals did not employ terrestrial quadrupedal locomotion (e.g. bipedal or fully aquatic) cannot be rejected solely by using this method. Independent evidence, always important for palaeobiological inferences of function, becomes particularly critical in such cases. In addition, if the discriminant score for the estimated category was not sufficiently larger than those for the other locomotor categories, the result may cause an error, so the users of this method should also compare all the discriminant scores (electronic supplementary material, S7).
Putative trackways of ceratopsid dinosaurs [9] and some pterosaurs [55] [56] [57] seem to indicate that they employed upright/sagittal quadrupedal limb orientations, which are consistent with our result. The estimated posture of Triceratops in this study is also consistent with the posture estimated from skeletal morphologies of the antebrachium and manus [17, 18] as well as shoulder [15, 16] , implying that the humerus was kept adducted near the trunk. However, other functional assessments from shoulder morphology are in conflict with this evidence [11, 13] ; regardless, a posture that does not involve pronounced humeral adduction during the stance phase is expected to rely not on elbow adductors, but mainly on elbow extensors (figure 1). Less problematically, there is no definitive evidence of quadrupedality in desmostylians. Yet our inference that desmostylians were upright and non-scansorial (as well as quadrupedal) is consistent not only with the generally (and uncontroversially) quadrupedal morphology of all known specimens, but also with an estimation based on mechanical modelling of limb joint torques, which inferred that these animals had difficulty adopting a sprawling posture [19] .
Our size-dependent method has an advantage over other approaches in its reasonably high accuracy (electronic supplementary material, S5). We consider this method to be generally viable if the sizes of extinct taxa fall into our normal sample size range for extant taxa (147-201 mm in antebrachial length (roughly 1.0-8.5 kg) for creeping taxa; 9.2-74 mm in antebrachial length (roughly 0.04-10 kg) for sprawling taxa and 18 -336 mm (roughly 0.1 -270 kg) for upright/sagittal taxa). However, taxa with an extremely large body size could have been plotted as outliers of discriminant scores in any locomotor categories just because of their size (e.g. Elephas and Triceratops: electronic supplementary material, S1 and S8). Such outlier points should be cautiously taken into account for determining the forelimb postures in extinct taxa. Our size-independent method, in contrast, has a lower risk for the estimation of posture in extinct animals of extreme sizes. This method assumes that the discriminant scores in taxa with extreme body sizes do not differ from those for a normal range of body sizes. We found that this assumption is statistically valid (electronic supplementary material, S5 and S6).
The estimated forelimb posture of Protoceratops varied depending on what method was used: it was estimated as C/UP in the size-dependent method and S/SP in the size-independent method (electronic supplementary material, S1). The estimation for Protoceratops had insufficient probability to categorize posture using the size-dependent method (figure 3; electronic supplementary material, S7), so we could not conclusively estimate the forelimb posture of this animal in our analyses. Previous studies have variably reconstructed it as upright/sagittal [23, 58] or more classically sprawling (e.g. skeleton mounted in American Museum of Natural History [59] and HMNS) by estimating the suitable articular relationships of the pectoral girdle and humerus. Further investigations of other possible indicators of limb orientation, such as one based on shoulder morphologies, or bone bending regimes [1] may help estimate the forelimb posture of Protoceratops. This is important because, in combination with analysis of other taxa such as Triceratops (upright/sagittal in this analysis), it could reveal how ceratopsian forelimb pose and mechanics evolved.
However, one must be cautious about taking our results too literally. Extant taxa can adopt varying postures, e.g. at different speeds or varying individually [44] , and some species might adopt a wide range of postures [1] . Our method, like all other methods, is by no means a flawless, unambiguous approach for reconstructing forelimb posture in extinct tetrapods and should always be integrated with all available evidence. However, this quantitative method for qualitatively classifying postures is the first method to focus on elbow mechanics, giving it some advantages over prior approaches, and was reasonably well validated by comparison with a large dataset for extant taxa. We thus conclude that our study concurs with others favouring a more upright/sagittal (and relatively uncontroversially, non-scansorial) forelimb posture and function for Triceratops (and probably for large ceratopsids),
